The necessary physical properties for CuAlBe and, also tentatively, for NiTi alloys are analyzed at mesoscopic scale via static and dynamic contributions. The long time scale of the civil engineering (more than 10 or 20 years) requires analysis of the diffusion effects acting on microscopic scales. Simplified models for CuAlBe and NiTi dampers are built inside the ANSYS software scheme ensuring faster simulation for a three arch (or portico) in a family house. The dynamic simulation using accelerations of actual quakes (i.e., El Centro) shows that the SMA dampers reduce the amplitude of free oscillations by, at least, a factor two.
Introduction
To increase the life quality is one of the main goals of smart materials and systems. The actual development of smart systems 1) in damping on sky-scrapers, high towers and stayed cables in bridges uses, for instance, magnetoreological fluids with semi-active systems. These, and similar devices, need supervision and maintenance, which might be inappropriate for relatively small constructions. In Mechanical and Civil Engineering three different kinds of oscillation phenomena can be considered. First, repeated or ''continuous'' oscillations with different amplitude scales as wind and rain induce in large structures (sky-scrapers, high towers and stayed cables in bridges). Second, scarce groups of waves in relative short time applications (i.e., one or two weeks) as in satellite launching and third the situation induced by earthquakes: scarce groups of large waves after several years of inactivity.
The pseudoelastic window (PEW) in SMA
The particular SMA properties 2) are associated to a martensitic phase transformation between metastable phases with hysteresis. The damping applications relate the use of the hysteresis cycle and their internal loops. To introduce solid state dampers in family houses provides supplementary safety during quake events. The devices should be guaranteed for the expected lifetime of the building (at least for 10 or 20 years). The long time scales related to Civil Engineering applications are completely different from that used, for instance, in satellite launching. In fact, the SMA metastability requires a deep analysis.
It is always possible to apply tunable actions (or semiactive control methods) in SMA, but the main interest (in Civil Engineering time scales) is their use as passive devices without technical supervision. Damping the wind effects by SMA -some tens or hundreds of thousands of partial and global cycles-requires further study and, probably, some partial control indicating the progressive level of damage in the SMA. Similar situation appears, for instance, in stayed cables or in wind power generators.
Ensuring a guaranteed working lifetime for SMA dampers requires that the working cycles remain always inside the pseudoelastic window or pseudoelastic working space in stress-strain-temperature coordinates (see Fig. 1 ). In general, for stresses overcoming the plastic deformations ( pd ) and for strains larger than some value (" max ) it appears permanent deformation (i.e., by creep and/or stabilized martensite) or Fig. 1 Hysteresis cycle in -"-T coordinates: Schematic behavior of the hysteresis cycles at temperatures (T 1 , T 2 , and T 3 ) with a hysteresis width Á h (Ms < T 1 < T 2 < T 3 ); pd plastic (or fracture) stress boundary and " max deformation boundary; the slope relates the Clausius-Clapeyron coefficient (d=dT). a: permanent deformation at zero stress: in retransformation the sample remains mainly in martensite.
fracture. The guaranteed behavior requires that the classical (or ''static'') thermomechanical coordinates ( and T) do not work out of the PEW. Also the ''dynamic'' approach is necessary: i.e., more than 100 cycles of the expected maximal amplitude for frequencies close to 0.5 Hz must be endured. The temperature actions (self-heating) induced by the internal dissipation at the working frequencies (a dynamic effect) and the effects produced by the external changes in surrounding temperature (i.e., daily or yearly) are decisive as they modify the stress-strain response of the material. It is also determinant for systems working during several years the careful analysis of diffusion effects guaranteeing that non relevant parasitic effects in static (after 10 or 20 years of inactivity) or in dynamic situations cannot move the hysteretic behavior out of PEW. The practical application of SMA dampers requires that the length of the dampers does not increase progressively due to cycling via either plastic deformation or some mixed effect of creep and martensite stabilization. An increase of length induces bending without damping effect for lower amplitudes.
A family house and the simulated structure
The Fig. 2 shows a general overview of a two stories family residence (near 200 m 2 for the ground floor and 100 m 2 for the first floor). The ground at the basic level includes an internal garden furnishing supplementary light in the center of the house and a way to appropriately distribute it. A second garden is placed over the roof of the single floor section. The use of the roof as a garden permits, when the landscape is not flat, a horizontal plane surface. This space establishes a perspective filter between the house and the external surroundings. In Fig. 3 the building structure is outlined and the studied portico is indicated. The simulated portico is depicted in Fig. 4 . The portico is built by three arches. The columns are H-beams and the horizontal elements are two ''I'' and one ''H'' (center) beams. The dampers are placed in diagonals of the external arches. Localized mass (as shown in Fig. 4) or distributed mass over the horizontal steel beams are introduced in the ANSYS structural software for simulation. The used data for loads and steel elements are furnished by the architect Alfonso Vera according the structural requirements in Barcelona.
This work centers in two targets. The first one is centered in the available static and dynamic knowledge of SMA. The mesoscopic and the microscopic static and dynamic contributions acting on the pseudoelastic window of CuAlBe alloy and, tentatively, for NiTi are outlined and, when available, quantified. The second one centers on the simulation of the SMA behavior and their introduction in the ANSYS for dynamic behavior analysis. For instance, developing appropriate user subroutines. For the CuAlBe alloy an old serial thermomechanical model 3, 4) is adapted to parallel conditions established by the ANSYS requirements. For the NiTi in the actual preliminary analysis the bilinear models are used. 5, 6) The interest in simplified models for dampers behavior is associated to the time-analysis of an actual complex structure, i.e., a family house can use 10 or more complex portico. When dampers are included a complete x-y (or x-y-z) simulation becomes highly time consuming. From an outline of a family house, a triple arch or portico is selected. The oscillatory behavior under classical quakes is determined and the effect of the dampers is, also, calculated. The system response is analyzed using the standard accelerations from several earthquake data. The results, in the best conditions, show that the oscillations are reduced at least by a factor 2. The effects are similar in summer (higher) temperature conditions. 
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Experimental (SMA samples and heat treatments)
Samples of CuAlBe and of NiTi wires were used. For the NiTi wires with diameters 0.5 (black oxide) and 2.46 (light oxide) from Special Metals (USA) 7) were used as furnished. Polycrystalline CuAlBe wire from Trefimetaux (France) with composition in mass (weight): 11.8% Al, 0.5% Be, 87.7% Cu was used. The wire was subjected to a betatization and homogeneization process, consisting in some time at 1123 K and water quench, to avoid any stabilized or remnant martensite. In CuAlBe the grain size grows quite fast with the betatization treatments and the fragility increases: the maximum stress that the material can support diminishes. In Fig. 5 are shown the grains in the as furnished state for a wire of 3.4 mm diameter (a) and after betatization for 4 min at 1123 K (b). In Fig. 6 is shown the growing as a function of time at 1123 K. The effect of the boundaries (diameter of the wire) on the grain growth becomes evident after some 10 min. By using the classical betatization time (2 min) the fracture level of CuAlBe is situated near 350 MPa with some relevant accumulative creep on cycling. Using increased betatization time the remnant creep effect reduces to 0.5% (or less) for series of cycles under 3.5%. In this situation, the fracture level is reduced to 250 MPa. 8) The NiTi is used ''as furnished'' in the pseudoelastic state (wires of 0.5 and 2.46 mm of diameter). Eventually, for the composition of the alloy: 44.1 Ti and 55.9 mass% Ni, a heat treatment is introduced. The ''As Drawn'' wire has received a heat treatment 673 K during 30 minutes followed by 15 stabilizing cycles at room temperature at a strain rate of 1 mm/s.
Static and Dynamic Analysis
The available static and dynamic knowledge of the thermomechanical behavior in SMA establishes several relevant parameters. The critical stress for transformation and its dependence on temperature is the most important. The dependence of critical stress for transformation on temperature is expressed as a Clausius-Clapeyron coefficient (CCC), see Table 1 . The macroscopic position of the hysteresis cycle in the PEW is strongly affected by the summer-winter temperature effects and the self-heating induced by the amplitude and cycling rate via the CCC value. Some differences (10 to 15 per cent) can be experimentally observed using different cross section and measurement method. For practical reasons, related to each working conditions (i.e., cycling amplitude and frequency rate), seems better a particular measurement of CCC for each type of wire.
Parent and coexistence effects in CuAlBe.
There are some microscopic static and dynamic contributions acting on the position of the pseudoelastic window of SMA. 4) Many alloys are prone to martensite stabilization, and then it seems appropriate at the present state of the art to avoid large times in martensite state or in coexistence zone.
Recently is observed that the effects of stress and temperature in parent phase on the transformation temperature of CuAlZn are similar but lower for the stress action. 9) The atomic order and vacancy effects might produce some changes in transformation temperatures. Considering that there are several processes (denoted by ''i''), the changes in transformation temperature might be written as a function of virtual order temperatures T i , as:
RT is a reference room temperature, and the T i ðtÞ track the room temperature T RT ðtÞ, with amplitude a i and time constants i :
The time constants i depend on temperature via some activation energy. The Fig. 7 shows the dependence of the electrical resistance and of Ms as a function of time when a CuAlBe sample is kept at different temperatures. Table 2 contains the dynamic parameters establishing the changes in transformation temperatures when the alloys are kept in beta phase at different ''room temperatures''. The results have been obtained by measurements of electrical resistance, measurements of transformation temperatures with electrical resistance and DSC. From the experimental point of view, two terms are well established in CuAlZn, only one in CuAlBe and only a tentative value is determined in NiTi due to very slow evolutions.
The dynamic effects can be observed on cycling when the self-heating is not relevant (low cycling rate (i.e., 0.1 Hz) and thinner wires). In fact the maximal stress is progressively reduced. For instance, in the CuAlBe alloy the reduction is close to 10 K.
Observations in the NiTi alloy behavior
The approach to the NiTi has been done by combined measurements. An extremely slow evolution is observed close to 373 K. In fact, the amplitude of the changes is difficult to establish. Some changes might be visualized by aging at 373 K. The Fig. 8 shows the aging effects on pseudoelastic NiTi for one and a half month at 373 K: The displacement of the maximum in the DSC curve (a) is coherent with changes in the resistance curves (b). The changes in characteristic temperature are some 7 K in the wire of 0.5 mm of diameter also in transformation and in retransformation. A mixed effect of the R-phase and martensite cannot be completely avoided. These changes are irrelevant for standard applications, i.e., extrapolation of data in Table 2 indicates that the time constant at human body temperatures (less than 40 C) is larger than 100 years. For Civil Engineering applications in outdoor conditions (i.e., direct sunlight) and several tens of years the effects cannot be avoided. Figure 9 shows the evolution of transformation temperature for a NiTi wire of 0.5 mm diameter, as a function of time at 363 K. The exponential fit to the dependence is a very rough approach.
The coexistence of the austenite and the martensite in Cubased alloys induces the martensite stabilization, an increase in the transformation temperatures. When the NiTi wire of 0.5 mm diameter is kept at an intermediate position where the two phases coexist (inside PEW) for several weeks, the stress needed to continue the cycle is increased by near 50 MPa (see Fig. 10 ). This macroscopic effect shows that transformation temperature in the parent phase is decreased by the phase coexistence, which is opposite to the martensite stabilization in Cu-based alloys. However, measurements realized at extremely low frequency for a series of partials loops show a preliminary reduction of transformation stress in the martensite phase. The coexistence effects seem opposite in parent and in martensite parts of the material. In the actual state of the art require further analysis.
Self-heating
The cycle rate affects strongly their hysteretic behavior by transformation of mechanical energy to heat. Transforming and retransforming means local temperature changes by the latent heat, which diffuse and then produce local changes time-dependent. Figure 11 (a) shows a series of experiments in CuAlBe alloy of 3.4 mm of diameter. The frequency rate and deformation are indicated in the figure. The cycling sequence includes, 5, 100, 100, 50, 50, 50, 50 cycles. The self-heating is related to the cycling rate and the amplitude. For amplitudes up to 3.5 per cent the temperature increase do not overcomes 10 K for frequencies close to 0.5 Hz. The figure shows that for 50 cycles at 1 Hz the maximal selfheating is close to 12 K. In the Fig. 11(b) several measurements using NiTi wire of 2.46 mm are summarized. The wider hysteresis cycle obviously produces larger temperature increases, even in this thinner wire (in comparison with the used CuAlBe).
Mesoscopic mean effects
In the Table 3 the overall values of the expected changes for deformations near 3.5% and room temperature changes around 40 K are situated from the actual available experimental data. For the working PEW, some 250 MPa are considered for CuAlBe alloy and near 600 MPa for NiTi alloy. The table shows the standard values of hysteresis width, summer-winter changes affected by CCC, the selfheating, the ''transitory'' after quench effects. The dynamics of phase coexistence at low cycling rates, the summer-winter effects on the atomic contributions for year and the asymptotic expected values after several tens of years and some security margin are also included.
The SMA Model
Models for SMA are still a research topic (no unified treatment for 3-D systems is available). However a 1-D model based on experimental observations (on single crystal CuAlZn) has been developed in our group. This model is built around the fact that CuAlZn transforms from parent to martensite phase through a series of transformation domains. The mechanical representation of the phase transition for each domain is shown in Fig. 12 . However, to be able to predict accurately the material behaviour the model also considers the classical thermomechanical representation (dilatation coefficient and Young modulus), the temperature effects due to external (environment) and internal (selfheating due to transformation latent heat and friction) effects and the more subtle diffusion effects (such as summer-winter tracking and atomic evolution in parent phase and in coexistence). The global hysteresis cycle is the result of the behaviour of a set of N similar elementary cycles, one for each martensite plate with a statistical scatter in the values. 3, 4, 8) 4.1 Model for polycrystalline SMA The serial model is able to predict the single crystal material and adding some extra statistical information also the polycrystalline samples behavior with a good accuracy for long periods of time. 4, 8) However the necessary computational load is too big for complex structural simulations with several dampers. So, alternative descriptions are needed. ANSYS 10) provides a SMA model based on the bilinear model, 11) but its accuracy is low and it imposes unnecessary 3-D elements that require a great computational effort. So, in this work, two models have been developed and included in the ANSYS scheme that permits the simulation of SMA with minimal computation time. Both models are derived from the serial model described previously and are intended to represent the material behavior during short periods of time (an earthquake, a satellite launching operation. . .).
The first model is based in a single transformation domain with a stress-strain behavior as the serial model, Fig. 13(a) , or following a bilinear law for 1-D elements, Fig. 13(b) . It is very simple, but its use for NiTi alloys is nearly standard.
5)
For thin samples [0.5 mm of diameter, see Fig. 13(a) ] ''as furnished'' or with thermal treatment [see Fig. 13(b) ] the model shows a quite satisfactory approximation to experimental measurements, in particular, for global loops.
The second model is developed for polycrystalline CuAlBe alloys and fast cycles in NiTi where the single element model seems insufficient for internal loops. This Self-heating (3.5%) 10 20
After quenched sample 5 -
Security level 10 to 20 10 to 20
Global effect 110 or near 220 MPa 100 or near 600 MPa Fig. 12 External force (F ext ) against deformation (x) for an elemental domain. The path (1-2-3-4-5-6-7-8-9-1) corresponds to a complete cycle with nucleation of martensite (2-3), growth (3-4), coalescence (4) (5) , and nucleation of beta (6-7) or de-coalescence of martensite (after the junction of martensite plates with the neighboring plates), growth of beta (7-8), and complete disappearance of martensite (8) (9) . This path has the actual maximal hysteresis width h 2 in comparison with the minimal hysteresis h 1 .
model is the result of a simplification and adaptation to ANSYS scheme of the serial model. Firstly, the model is not able to represent the long evolution of the material so the initial state is introduced as the initial condition. Secondly, the model structure has been changed from serial to parallel to be easily introduced in ANSYS scheme and reduce its computation time. Besides, the parallel structure is particularly valid for polycrystalline alloys as reported for similar materials.
12)
The model is converted into a set of parallel transformation domains with a similar mechanical cycle as described in Fig. 12 . To identify the global behavior only 9 elements has been used to provide an accurate representation of a polycrystalline CuAlBe sample. The approach adjusts the initial elastic modulus, the initial transformation stress and the hysteresis width. The scaled extreme stress-strain cycles for the elements are presented in Fig. 14(a) . The stress-strain function for each of the 9 parallel constitutive elements varies between these two elements. The model is valid for complete cycles as well as for interior cycles, see Fig. 14(b) . It is possible to adjust the working temperature and the Ms value to account for any working condition (due to external temperature, self-heating or diffusion effects). Its accuracy is very good for overall hysteresis and, in particular for internal loops as observed with a computation time similar to the simple bilinear model.
Results on Earthquake Simulations
We have simulated the actions of several earthquakes on the family house (main portico shown in Figs. 3 and 4) . We have used three earthquakes: ''El Centro'' (1940) 13) of magnitude 7.1 and two recent Japanese quakes registered in the stations KSRH03 (2003) and in KGS005 (1997) of magnitudes 8.0 and 6.2 respectively.
14)
The dampers have been designed using the data from ''El Centro''. Basically, two parameters define the SMA damper for each alloy: length and cross section. The length determines the maximum deformation of the damper and the cross section (or equivalently the number of wires) the maximum stress and the total available hysteresis. The length can be determined by simulating the free oscillation (no dampers) response of the portico under the effects of the earthquake. The maximum elongation for half the free oscillation amplitude determines the maximum damper strain (using, for instance a maximal deformation 3.5%). The calculation of the number of wires-or the available force induced by the damper-requires an optimal between two opposed factors. In one hand, it is advisable that the stress provided by the damper do not overcome 10-20% of the total stresses in the structure. In the other hand, the energy dissipated by the damper in a cycle must be at least 10% of the energy introduced into the structure during a single oscillation period. The target is damping the quake actions before the building structure overcomes its structural limits, i.e., considerable plastic deformation of steel. It seems that the energy requirement is mandatory. Obviously these are only indicative values for a first iterative design process that requires several adjusting loops. Furthermore, the result must be checked in other quakes to ensure that the design is not a In all cases the oscillation amplitude has been reduced by at least a factor 2 (see Fig. 15 ). As seen in the experimental section SMA behavior is affected by several phenomena as defined in the PEW. The PEW determines a maximum variation of the material response measured in K. Simulating the response of the material at a higher working temperature shows the damping response in the alloy limit and also validates the PEW ensuring a correct design. Figure 16(a) shows the structure oscillation under ''El Centro'' actions at nominal temperature and for a worst case simulation (nominal temperature plus 40 K). The damping is lower but still acceptable (from 3.1 to 4.0 cm). Studying the material response we observe that stresses remain inside the PEW.
In the NiTi preliminary approach, Fig. 16(b) , a cross section of 220 mm 2 and a length of 0.50 m are used. As the actual force is close to 110 kN the configuration of NiTi -at low temperature-induces stresses near two times that the used in CuAlBe. The actions of dampers create relevant forces in the structure modifying the oscillation frequencies.
In particular at ''summer'' temperature under the supplementary action of Clausius-Clapeyron coefficient and require further experimental and simulation analysis.
Conclusion
The use of CuAlBe in dampers for family houses seems appropriate when the dampers are situated inside the house (i.e., the damper protected from the direct sunlight and rain). In this condition the actions of external temperature are, really, minimized. Using, for instance, 25 wires of 3.4 mm of diameter the dampers can reduce the effects of quakes at least for a half of the expected amplitude in free behavior. For each house configuration the dampers can be established and simulated via simple models adapted to the hysteretic behavior. The macroscopic effects of self-heating and summer-winter and the minor effects of atomic contributions do not displace the working cycle out of the PEW. The preliminary analysis of NiTi dampers suggests similar behavior. The external temperature changes can produce relatively larger effects (by CCC in shorter time scale and atomic contributions in extremely larger time scale) when the dampers are situated in the outdoor under the direct sunlight effects. In the two alloys, only deformation up to 3.5% is considered. Obviously, when the amplitude overcomes 3.5% (larger quakes) permanent ''creep'' deformation can appear and, afterwards, the damper effect cannot operate for the lower amplitudes.
Simple models are built in 1-D permitting fast computation for relatively complex dynamic calculus in the ANSYS frame. The simulation of extreme conditions permits an easy evaluation of the extreme boundaries without the complexity -and time computing-of a detailed physical approach. For instance, the atomic (diffusion) effects and the selfheating can be fully included for detailed analysis but, from the engineering point of view, this extremely detailed analysis (if necessary form experimental point of view) might be accounted in an approximate way, i.e., via extreme situation simulation, but seems clearly unnecessary for structure simulation.
